The development of rf systems capable of producing high peak power (hundreds of megawatts) at relatively short pulse lengths (0.1-5 microseconds) is currently being driven mainly by the requirements of future high energy linear colliders, although there may be applications to industrial, medical and research linacs as well. The production of high peak power rf typically involves four basic elements: a power supply to convert ac from the "wall plug" to dc; a modulator, or some sort of switching element, to produce pulsed dc power; an rf source to convert the pulsed dc to pulsed rf power; and possibly an rf pulse compression system to further enhance the peak rf power. Each element in this rf chain from wall plug to accelerating structure must perform with high efficiency in a linear collider application, such that the overall system efficiency is 30% or more. Basic design concepts are discussed for klystrons, modulators and rf pulse compression systems, and their present design status is summarized for applications to proposed linear colliders.
I. INTRODUCTION There now exists an Interlaboratory Collaboration for

RbD Toward TeV-Scale Electron-Positron Linear Colliders.
The collaboration consists of some 23 member institutions in Europe, Asia and the United States with an interest in linear collider development. The Council of the Collaboration (consisting of one representative from each member institution) met at EPAC'94, and decided to appoint a Technical Review Committee (TRC). This committee was charged with preparing a report on the present status of linear collider technology, and the further R&D needed over the next few years to reach these design goals: an initial luminosity in excess of 1033cm-2s-1 at a center-of-mass energy of 500 GeV, with the capability of being expanded in energy and luminosity to reach 1 TeV center-of-mass energy with a luminosity of 1034cm-2s-1. A draft of the report will be submitted to the Collaboration Council in June, 1995. This paper is based in large part on material collected for Chapter 3 (Linac Technology) of the TRC report.
The major proposals for future linear colliders have been described in detail elsewhere (see for example the survey talks in [l] ). TESLA (TeV Superconducting Linear Accelerator) is a proposal for a linear collider based on the use of superconducting accelerating cavities at 1.3 GHz. The TESLA R&D program is an intemational collaboration of about a dozen laboratories, coordinated by the DESY laboratory in Hamburg, Germany. Use of a superconducting cavity avoids the need for very high peak rf power. Such a cavity is in essence an rf pulse compressor, storing energy over a relatively long time period (on the order of a millisecond) from an RF pulse with a relatively low peak larger beam cross-section and looser tolerances on construction and alignment. The SBLC (S-Band Linear Collider) is a proposal, also based at DESY, for a linear
power. An ad-fantage of the low TESLA rf frequency iQ a collider with an rf frequericy of 3 GHz. Because of the relatively low rf frequency, the SBLC also has comparatively loose tolerances. A strong point of this proposal is that it is supported by a wide base of existing Sband accelerator technology, in particular the SIX prototype linear collider at SLAC. The NLC (Next Linear Collider) is a proposal by SLAC for a linear collider at 11.4 CiHz, exactly four times the S:LC frequency. Tlhe principal advantage of a higher rf frequency is that a higher accelerating gradient can bc obtained for the same ac input power, resulting in a shorter length and possiblly lower cost for the main linac. A major disadvantage is that tig,hter tolerances are required for the construction and alignment of the accelerating sections and focusing magnets. Also, hi.gher peak power is required from the rf sources, wil:h a consequence that some form of rf pulse compression is necessary. The KEK laboratory in Tsukubai, Japan, has proposed the JL,C (Japan Linear Collider), also at 11.4 GHz; it is quite similar to the NLC in its main design pararmters. VLEPP (standing for "Collliding Linear Electron-Positron Beams" in Russian) is a proposal for a linear collider at 14 GHz, which originated at the Institute of Nuclear Physics (INP) in Novosibirsk, Russia. The R&D for tlhe collidier is actually taking place at Protvino, Russia, near Serpullchov (about 100 km south of Moscow). It is being carried out by personnel from a Branch of the above institute (BINP). Unfortunately, the economic situation in present-day Russia is such that a full-scale VLEPP will probably not be funded. However, a strong R&D program is still going forward at Protvino; this work will provide useful results which can expedite the other collider programs. CLIC (CERN Linear Collider) is a proposal for a two-beam linear collider hlased at CERN in Geneva, Switzerland. In the CLIC design (see papex by K. Hubner in [l] ), 350 MHz superconducting cavities are used to accelerate a high-current drive beam to 3 GeV. The drive beam consists of trains of bunches in which the spacing between bunches in each train is the rf wavelength at 30 GHz. These trains pass through a series of low impedance "transfer structures", where they induce about 90 MW of peak rf pswer for a pulse duraltion of 12 ns.
This power is then transfesred through waveguides (two for each transfer structure) to the accelerating sections in the main linac. The TBNLC (Two-Beam NLC), proposed by a group at LBL and LLNL., is also a two-beam accelerator scheme, but in this case the drive beam is powere: 
SCALING COLLIDER PARAMETERS WITH FREQUENCY
All of the proposed linear collide designs are based on the production and manipulation of RF power in the frequency range 1.3-30 GHz. The rf system itself must convert power from the ac mains (wall plug) to rf power at the input of the accelerating structure with the greatest possible efficiency. In general, it is easier to attain a high accelerating gradient at a higher rf frequency. Nature has, however, imposed a powerful limitation on the gradient achievable for routine operation of a copper accelerating structure ---the dark current capture threshold. This threshold is given by where h is the RF wavelength. The threshold gradients for the various colliders are listed in Table I , together with the design gradients for a 500 GeV machine. It is indeed possible to exceed this threshold gradient by some reasonable factor; for example the SLC routinely operates 30% above it with barely detectable dark current. However, the dark current beam power dissipation, and hence the difficulty in processing a structure to a given gradient level, tends to become worse exponentially as the capture threshold is exceeded by a still larger factor. In the case of a superconducting structure, field emission will necessarily be reduced to a low level by special cleaning and processing techniques to avoid unacceptable power dissipation at low temperature. Perhaps these heroic cleaning and handling procedures can be adapted to copper structures as well. But in any case, if operation is planned at a gradient significantly above the capture threshold, dark current effects must be carefully studied in an appropriate test facility (such as the TESLA Test Facility under construction at DESY).
For a high frequency high gradient linear collider with a copper accelerating structure, nature has unfortunately imposed another limitation on the rf system. The energy stored per unit length on the accelerating structure will scale roughly as G2h2. If the gradient is set at some factor times the capture threshold gradient, then the stored energy per unit length remains roughly constant, independent of frequency. However, the time allowed for this energy to be collected in the accelerating structure depends on the energy decrement time, Thus the RF pulse length will also tend to scale as w-3/2, and since the stored energy per meter is roughly constant under the above scaling assumption, the eak power required per meter will tend to scale as db. Unfortunately, the maximum output power available from a klystron tends to decrease rather than increase as frequency increase. Therefore high frequency RF systems using klystrons to generate the RF power (NLC, JLC, VLEPP) require some sort of pulse compression to enhance the peak power output. However, the additional loss associated with the compression process tends to lower the overall efficiency of the RF system. The two-beam accelerator concept (TBNLC, CLIC) bypasses the limitations imposed by conventional klystrons in producing high frequency, high peak power at short pulse lengths. The drive beam in a two-beam accelerator is, in fact, equivalent to the beam in a klystron, and the TBA scheme is also called a "relativistic klystron." A collider using a superconducting accelerating structure (TESLA) increases the Q/w limitation on energy collection time by a large factor over that of copper, allowing a long pulse, low peak power, efficient FtF system. (As will be discussed later, a long pulse modulator tends to be more efficient than one which must produce short, very high peak power pulses). However, this gain in the efficiency of RF power generation is offset to a large extent by the ad$tional power required by the refrigeration system. Energy decrement times and peak RF power requirements for the collider designs are listed in Table I . For machines with copper structures, the structure filling times (except for CLIC) are quite close to the values given for zd; the RF pulse lengths are typically several times longer to allow for acceleration of a bunch train. The pulse lengths at the accelerating structure (in nanoseconds) are: SBLC (2800); JLC (230); NLC (240); VLEPP (1 10); CLIC (12). In the case of TESLA, the pulse length (1.3 ms) is reduced below the decrement time approximately by the ratio of the refrigeration power required per Watt of power dissipated at 4.2"K (= 300). The peak powers do not scale as &I2 as discussed above, because the actual design gradients do not closely follow a Gth scaling. However, as seen in Table I , the peak power per meter does increase rapidly with increasing frequency. Likewise, the linac length would be roughly proportional to h for G -Gth scaling. The actual design lengths do show a strong correlation with frequency. Since the stored energy per meter remains approximately constant for G -Gth scaling, the average AC wall-plug power should scale roughly as PAC -f,h / qd, where f, is the repetition rate and qrf is the RF system efficiency. As frequency increases, the colliders in Table I trade 
F W SYSTEM TECHNOLOGY
A. Klystrons
At a constant beam voltage, the RF output of a klystron (or other microwave power source) increases as the beam current increases. However, a higher beam current, Ib, at a given beam voltage, Vb, inevitably lead to a lower efficiency because of the detrimental effects of space charge forces. These forces tend to blow apart the sharply defined bunches needed for high output efficiency. The microperveance (defined by Kp = Ib/Vb3I2 ~1 0~) is commonly taken as a measure of these space charge effects. If klystron efficiencies, obtained from both measured performance and simulations, are plotted as a function of microperveance, it is found that the collection of points (see for example [2] , Fig.   3 ) is quite sharply bounded by the line Low frequency, long pulse or CW klystrons tend to fall closer to this performance limit than high frequency, high peak power tubes. The intercept at zero perveance has some theoretical justification. A 100% efficiency implies that all the electrons in the beam are just brought to rest by the RF voltage of the output circuit. This is not possible in a real klystron because there is an energy spread in the beam due to the bunching process, and because the RF voltage varies with radius across the gap. Also, even a single electron cannot be stopped in a gridless gap; an electron on axis can lose at most about 85% of its energy [3] .
There is also the perennial question concerning limitations on peak klystron output power as a function of frequency. This can be roughly estimated as follows. First, the beam radius is limited to something like U8 to allow for reasonable gap coupling. Second, the current density per unit area from the cathode (cathode loading, IA) is limited to about 10 A/cm2 for good cathode lifetime. Third, the area compression ratio, CA, of the beam in the gun region is limited by optics and tolerances to perhaps 150. Putting these factors together gives
where q is the electronic efficiency. If the tube is to be efficient, and if we apply Eq. (2) conservatively, then the microperveance for an efficiency of 50-60% is limited to K p < l . Usin Eq.
(2) together with PK = q(Kp x 1 0 6 ) V t 2 , we find that for Vb= 500 kV the maximum output power is about 100 MW up to 14 GHz, then falls off as h2 above this frequency. The NLC X-band klystron has achieved 50 MW at 1.5 ps [5] . Both klystrons still fall short in efficiency, and both must eventually replace power-consuming solenoids with PPM (periodic permanent magnet) focusing or superconducting solenoids.
B. Modulators
The rise time of a modulator pulse is an important parameter in determining the modulator efficiency. In a conventional modulator, the pulse forming network (PFN) capacitance is charged by a DC power supply to a voltage V p m . This network can be either a length of smooth transmission line, or a series of discrete capacitors and inductors which model such a line. The line is thien discharged by a switching device, usually a thyratron, through the primary of a pulse transformer with a tums ratio n. The output of the pulse transformer produces a voltiige nVpm/2 (single stage PFN), or nVpFN (two stage, or Blumlein PFN). In the case of the TESLA modulator, an energy storage capacitor is partially discharged through the primary of the pulse transformer. The switching is done by solid state devices (thyristors). A "bouncer" circuit is used to compensate for voltage droop.
The energy efficiency, q~, of the pulse transformeir is defined as the useful energy in the flat-top portion of the pulse divided by the total energy in the pulse. The energ:! in the fall-time portion of the pulse tends to scale in proporhion to the rise time, TR, so that the energy efficiency can be written as q~ TKRE = TK/(TK + ~T R ) , where TK is Ihe useful flat-top pulse width, 'IE is the energy width, and a is a coefficient between 1.0 and 1.2 which depends on the pulse shape and the definition of rise time. In turn, a simL le physical argument [6] leads to the scaling T'R-nTEE2.
Combined with the preceding relation, this gives
where p is a constant that can be obtained by fitting to existing pulse transformer designs. For the pulse transformer driving the 5045 SLAC klystrons, p = 0.033 (~s )~'~. It is found that the above expression then gives a good fit to a number of other pulse transformers measured at SLAC having a variety of tums ratios and piilse lengths. Using Q. (4), the energy efificiency is plotted in Fig. 1 . Along with TK and n, values of q E frorn Eq. (4) are listed in Table 111 (as the scaled energy efficiiency) far the modulator designs for the various collider proposals. An accurate calculation of energy efficiency must also include the effect of the load (klystron) capacitance, the series inductance of the thyratron, transformer core losses, and the inductances of the cables and leads connecting the components. Of course, the best efficiency is obtained by eliminating the modulator entirely by using a klystron with a gridded gun to switch the beam, as proposed for VLEPP.
C. RF Pulse Compression
RF pulse compression is a method of enhancing klystron output power at the expense of pulse width. Although some energy is lost in the compression process, the efficiency can in principle be quite high. High-Q energy storage elements are required to achieve efficient pulse compression; these can be either resonant cavities or lengths of shorted delay line.
RF pulse compression is used in three of the 500 GeV collider designs. VLEPP and NLC use a SLED-type scheme (SBLC plans to use a SLED system in a 1 TeV upgrade). In a SLED pulse compression system [7] , energy builds up in a storage element (resonant cavity or resonant delay line) over the major part of the klystron output pulse. During the final part of the pulse, equal to the desired output pulse length, a phase reversal at the klystron input triggers a discharge of this stored energy, which then adds to the energy coming directly from the klystron. During the filling time of the storage device, there is an unavoidable power reflection; in addition, some energy is left behind in the storage element. Together, these factors lead to a maximum intrinsic efficiency for a SLED system on the order of 80%, even assuming lossless components. Taking losses into account reduces the efficiency to approximately 75%. On the other hand, the JLC uses a compression method, the Delay Line Distribution System (DLDS), which is inherently 100% efficient. Although related to Binary Pulse Compression [8], the DLDS system uses less delay line pipe by feeding power in the upstream beam direction, thus taking advantage of the beam transit time to achieve a factor of two reduction in the required delay line length. Both the DLDS and the SLED-I1 compression systems have the advantage or producing a flat output pulse. This is a necessity for accelerating long bunch trains (the beam pulse length is about 120 ns for JLC and NLC). The VLEPP compression system is based on the use of a single traveling-wave "open" cavity resonator of unique design [9] , and is therefore very compact. Although the output pulse is not inherently flat, this is of no consequence for the acceleration of a single bunch, as is the case for VLEPP. Parameters for the three pulse compression systems are given in Table IV. IV. RF SYSTEM EFFICIENCY The overall RF system efficiency is an important parameter for a linear collider. The AC power requirements (see Table I ) for the various collider proposals range from 60-150 MW. Thus a 1% improvement in efficiency can reduce the AC power consumption by a megawatt or more. The net system efficiency, shown in the last column in Table  I , is the product of the separate efficiencies of the klystron, modulator, and pulse compression systems. If there is no compression system, the efficiency for transmitting power from the klystron to the accelerating structure must be included instead. The system efficiency can be calculated with and without auxiliary power. This includes power for the klystron cathode heater, klystron focusing solenoid, thyratron cathode and reservoir heaters, and power for the cryogenic systems in TESLA and CLIC (which uses superconducting cavities to accelerate the drive beam). The net RF system efficiency is, on the average, about one-third.
It is obviously highly desirable to increase the net RF system efficiency. For example, one can think of eliminating the pulse compression system and the losses associated with it. However, more dc pulse compression must then be carried out in the modulator (or in the induction linac modules in the case of the TBNLC). As another example, a better klystron efficiency can be obtained by raising the beam voltage and lowering the perveance. Again, this implies a lower modulator efficiency because a pulse transformer with a larger turns ratio will be required (or a higher V p m could be used, which is more expensive and technically difficult). There are losses and inefficiencies in each stage of the power handling and processing chain between the AC wall plug and RF at the input to the accelerating structure. Care must be taken that an efficiency improvement at one step in this chain is not made at the expense of increases loss at another stage.
A long-range expectation for the efficiency of the RF system for a linear collider might be on the order of 50%.
This efficiency could be attained by a low perveance, high efficiency klystron (65%) with grid switching (95% efficient), and a high-gain Binary Pulse Compression system (81 % efficient including power transmission). The BPC system would use 10 or so discrete cavities per stage to eliminate long delay lines.
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